Novel CdS/BiOI heterojunction photocatalysts were successfully prepared by facile method. The as-prepared samples were characterized by transmission electron microscopy, field-emission scanning electron microscopy, Xray diffraction, the Raman spectroscopy, UV-vis diffuse reflectance spectra, the Fourier transform infrared spectra, and photoluminescence. It was found that CdS nanoparticles were uniformly distributed on the surface of BiOI microspheres. The photodegradation tests showed that the photocatalytic efficiency was increased at first and then decreased when further increasing CdS content in the nanocomposites. The highest activity was obtained by 3%-CdS/BiOI nanocomposites. The enhanced photocatalytic performances were attributed to the matched band potentials of CdS and BiOI, which resulted in the efficient separation of photogenerated electron-hole pairs. Based on the experimental results, a reasonable photocatalytic mechanism of CdS/BiOI photocatalysts was also proposed.
Introduction
Semiconductor photocatalysts have attracted considerable attention in recent years due to its wide application in pollutant degradation and hydrogen production from splitting water using solar energy [1, 2] . Among various semiconductor materials, TiO 2 semiconductor has been mostly investigated owing to the non-toxicity, low cost, relatively high chemical stability, and strong oxidizing power [3, 4] . However, owing to its wide band gap (E g = 3.2 eV), TiO 2 requires ultraviolet light (UV) instead of more abundant visible light for effective photocatalysis [5] . Hence, developing visible-light-driven semiconductor photocatalysts is one of the most key topics for its application in environmental protection [6] [7] [8] [9] [10] .
Recently, bismuth oxyhalides BiOX (X = F, Cl, Br, and I) are a new category of promising photocatalysts, which manifests unusual visible-light photocatalytic activity for photocatalytic energy conversion and environment remediation, because of their unique anisotropic layered-structures, the internal static electric field, and strong absorption in the visible light region [11, 12] . Among them, BiOI has the maximum absorption abi-lity in visible-light region due to its smallest band gap (≈ 1.8 eV) [13] . However, due to the low separation efficiency of photogenerated electrons and holes, the photocatalytic activity of BiOI is very poor [14] [15] [16] .
A strategy for improving the photocatalytic efficiency of BiOI is to couple it with another semiconductor to form heterojunction at the interface [17] . Such as TiO 2 /BiOI [18, 19] , ZnO/BiOI [20] , Bi 2 O 3 /BiOI [21] , BiOBr/BiOI [22] , BiOCl/BiOI [23] , Pt/BiOI [24] and AgI/BiOI [25] have been investigated as efficient visiblelight photocatalysts. The general concept is that the combined semiconductors should have different band gaps so that charge separation can be enhanced by the internal electric field driving force. CdS is a photocatalytic material with a high visible-light activity, due to its narrow band gap (2.42 eV) [26] . It has been widely used as a sensitizer to improve the visible-light response of wide band gap semiconductors [27] . Using CdS nanoparticles to decorate semiconductor materials can effectively separate the photogenerated electrons and holes, then result in an improvement of the photocatalytic efficiency [28] .
Therefore, in the present study, the BiOI microspheres were synthesized by a facile solvothermal method. The CdS/BiOI heterojunction photocatalysts were prepared by absorbing CdS nanoparticles on the surface of BiOI. The influence of CdS on the photocatalytic activity of BiOI was discussed, and the photocatalytic mechanism was proposed.
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Experimental

Synthesis of the CdS/BiOI heterojunctions
All the reagents are analytical grade and used without further purification. BiOI powders were synthesized according to Ref. [29] . Briefly, 1.94 g Bi(NO 3 ) 3 ·5H 2 O and 0.830 g KI were dissolved in 80 ml ethylene glycol, respectively. Then KI solution was added into Bi(NO 3 ) 3 solution and the mixture was stirred for 10 min and then transferred into 200 ml Teflon-lined stainless steel autoclave and maintained at 160
• C for 6 h. The products were washed for one time with ethanol and three times with distilled water and dried at 120
• C for 8 h. To prepare CdS, 0.5187 g Cd(CH 3 COO) 2 ·2H 2 O and 0.1691 g thioacetamide (TAA) were dissolved in 15 ml distilled water, respectively. Then TAA solution was added into Cd(CH 3 COO) 2 ·2H 2 O solution and the mixture was stirred for 30 min to get a stable mixture. Then, a certain amount of polyvinylpyrrolidone (PVP) was put into the above mixture under stirring for another an hour and transferred into 50 ml Teflon-lined autoclave. Finally, the autoclave was kept at 100
• C for 12 h and natural cool down to room temperature. The resulting products were centrifuged, washed with ethanol and distilled water several times, and dried at 80
The CdS/BiOI heterojunctions were prepared as following: an appropriate amount of solution containing the CdS was ultrasonicated for 30 min to make CdS totally dispersed. The as-prepared BiOI powder (0.1 g) was added into the above solution and stirred for 24 h. The solvent was evaporated at 80
• C. The obtained powder was CdS/BiOI heterojunctions. The mass ratio of CdS to BiOI was 1%, 3%, and 5%, respectively.
Characterization
To characterize the synthesized simples, X-ray diffraction (XRD), transmission electron microscope (TEM), field-emission scanning electron microscope (FE-SEM), the Fourier transform infrared spectra (FT-IR), photoluminescence (PL), the Raman and UV-vis absorption spectra were used. The crystalline catalyst was examined by XRD under a Rigaku D/Max-2500PC X-ray diffractometer (Rigaku Co., Japan) employing Cu K α radiation, λ = 1.54056 Åoperated at 40 kV and 100 mA. A JEM-2100 TEM and a JSM-6360LA FE-SEM (JEOL, Japan) were used to characterize the morphology of the samples. FT-IR were recorded in the wave number range from 400 to 4000 cm −1 by Nicolet (PROTéGé 460) spectrometer. The Raman spectra were measured at room temperature using a LabRAM XploRA Raman spectrometer (Horiba Jobin Yvon, France) with a 532 nm laser focused on a spot about 3 µm diameter. UV-vis diffuse reflectance spectroscopy (DRS) spectra of the photocatalysts were measured by a UV-vis scanning spectrophotometer (Shimadzu UV-2550) using an integrating sphere and BaSO 4 as white standard. The PL spectra were obtained by an F-280 spectrometer (Tianjin Keqi, China).
Adsorption experiments
Batch experiments were performed by equilibrating 18 mg of adsorbent with 30 ml malachite green (MG) solutions of predetermined initial concentrations. 30 ml of V (V ) solutions of concentration ranged from 4.0 to 16.0 mg/l. By adding NaOH and HCl of different concentrations, initial pH of the solutions was maintained at required pH value. The suspensions were shaken for 1 h. MG concentration was determined by UV759 UV-vis spectrophotometer at 617 nm. The equilibrium sorption capacity was calculated using the following equation: 
Photocatalytic activity
The photocatalytic activities of as-prepared products were evaluated by the degradation of MG solution. A 1 kW Xe lamp was used to simulate sunlight irradiation and a cutoff filter of 420 nm was used to filter the ultraviolet light. In a typical procedure, 0.03 g of as-prepared photocatalyst was dispersed into 50 ml of MG solution (15 mg/l) and the suspension was magnetically stirred in the dark for 30 min to reach adsorption-desorption equilibrium between MG and photocatalyst. At every intervals of 20 min, 5 ml of the suspension was collected, centrifuged to remove the photocatalyst particles. Finally, the catalyst-free MG solution was analyzed by a UV759 UV-vis spectrometer (Shanghai Precision & Scientific Instrument Co., Ltd., China) to obtain the absorbance of the target contaminant at its maximum absorption wavelength. The decomposition efficiency of the target contaminant was calculated by D = (1−C t /C 0 )×100%, where C 0 and C t are the equilibrium concentration of the target contaminant before and after visible-light irradiation, respectively.
Results and discussion
XRD patterns
The detailed information on the crystal phase and crystallinity of the as-prepared samples was determined by XRD patterns. peak at 26.7• which is attributed to the characteristic peak of CdS. It can be clearly seen that the characteristic peaks of CdS become more intense with the increase of its loading amount. No impurity peaks were observed, confirming the high purity of the two products. The XRD results revealed the coexistence of BiOI and CdS in the CdS/BiOI nanocomposites.
FE-SEM images
The FE-SEM morphologies and microstructures of CdS, BiOI, and CdS/BiOI are presented in Fig. 2 . The pure CdS shows very uniform particle morphology, and the particle size is less than 100 nm (Fig. 2a) . The pure BiOI had 3-dimensional flower-like hierarchical architecture with the diameter of approximate 6-7 µm (Fig. 2b) . It is obvious that BiOI hierarchical architecture was further composed of irregular nanoplates with thickness ranging from 50 to 100 nm. It is obvious that BiOI hierarchical architecture is further composed of irregular nanoplates with thickness ranging from 50 to 100 nm. Figure 2c and d shows the SEM image of the 3%-CdS/BiOI nanocomposite. The CdS nanoparticles were observed to be closely adhered to the surface of BiOI, resulting in intimate contact, which was thought to facilitate the transfer of photogenerated charges. The results indicated that the CdS nanoparticles can be easily attached to the surface of BiOI microspheres.
TEM images
Moreover, the crystal structure of the pure BiOI and the 3%-CdS/BiOI heterojunction photocatalyst were further investigated by TEM and the HRTEM. Figure 3a shows the low-magnification TEM image of a single BiOI nanoflower. It can be clearly seen that the nanoflowers are self-assembled of nanosheets, which is consistent with the results of FE-SEM observation. From Fig. 3b , it can be seen that CdS nanoparticles closely adhered to the surface of the BiOI. The HRTEM image of the 3%-CdS/BiOI photocatalyst was also displayed, as shown in Fig. 3c . The phase with the lattice fringes (0.282 nm) could be observed, which corresponds to the (110) plane of BiOI while the lattice space of crystallite locating on the BiOI is 0.336 nm, which agrees well the (111) plane of CdS. The TEM result confirms assembling of CdS particles on the surface of the BiOI crystal.
UV-vis diffuse reflectance spectra
The optimum absorption property of photocatalyst and the migration of the light induced electrons and holes play a vital role in the photocatalytic process. Figure 4 shows the UV-vis DRS spectra of pure CdS, BiOI, and CdS/BiOI heterostructure samples. It can be seen that all the samples show the intense absorption in the visiblelight region, which implies the possibility of photocatalytic activity under visible-light irradiation. For the pure CdS sample, the absorption edge occurs at a wavelength shorter than 570 nm, whereas the absorption intensity of BiOI shows absorption edges at 630 nm. In comparison to CdS and BiOI, the absorption band edge of CdS/BiOI exhibited an apparent red shift. This shift is ascribed to the interaction between CdS and BiOI semiconductors in the heterojunction. The enhanced light absorption of the nanocomposites led to the production of more photogenerated charge carriers and was thought to result in improved photocatalytic performance. 
FT-IR analysis
To investigate the chemical composition and chemical bonding of composites, FT-IR investigation was carried out. Figure 5 displays the FT-IR spectra of pure BiOI and CdS/BiOI heterostructure samples. The broad bands centered at 3450 cm −1 and 1587 cm −1 in the spectrum of BiOI corresponded to the stretching and bending vibrations of O-H, respectively. Moreover, the band at 489 cm −1 for both samples of pure BiOI and CdS/BiOI nanocomposites was associated with the stretching vibrations of the Bi-O [30] . In comparison with the spectrum of BiOI, the weak absorption band at 618 cm −1 could be ascribed to the Cd-S group which was in the spectrum of the CdS/BiOI nanocomposites. The peak ranged from 1120 to 1000 cm −1 could be attributed to the C-O of ethanol which might come from the washing process. Absorption bands of CdS and BiOI were apparent in the CdS/BiOI nanocomposites, confirming that CdS and BiOI had been coupled together successfully.
Raman analysis
The Raman scattering is an effective technique to investigate the crystallization, structure, and defect of nanostructure materials. Figure 6 shows the Raman spectra of CdS, BiOI, and CdS/BiOI nanocomposites. The Raman spectra of CdS and CdS/BiOI nanocomposites displayed one prominent peak around at 148 cm −1 . BiOI can be recognized based on the characteristic peak position of 148 cm −1 due to the E g internal Bi-I stretching mode. The curves of CdS and CdS/BiOI exhibited two Raman active peaks. One well defined intense peak appeared at 295 cm −1 and a low intense peak at around 589 cm −1 was attributed to first and second order longitudinal-optical (LO) phonon modes.
Adsorption experiments
The adsorption isotherms of MG dye onto heterojunction surface was studied by taking solutions in the concentration ranging from 4.0 to 16.0 mg/l and the results are shown in Fig. 7 . With increase of initial concentration of MG from 4.0 to 16.0 mg/l, the adsorption capacity increased, indicating that MG adsorption depends on initial concentration. The result suggests that the doing of CdS could improve its adsorption abilities. The enhanced dye removal efficiency was attributed to the synergetic effects of the adsorption and photodegradation [31, 32] .
Photocatalytic activity of CdS/BiOI nanocomposites
The photocatalytic activities of CdS/BiOI samples were measured by the degradation of MG under visible light irradiation. Figure 8a shows the change of absorption peak spectra of MG solution exposed to visible light as a function of time in the presence of 3%-CdS/BiOI sample. During the photodegradation process, the intensity of the typical adsorption peak of MG at 617 nm decreased gradually as the photocatalytic reaction time increased, indicating the excellent photocatalytic activity of 3%-CdS/BiOI nanocomposites for the MG degradation under visible-light irradiation. The larger part (92%) of MG could be discolored by 3%-CdS/BiOI nanocomposites within 100 min of visible-light irradiation. No new absorption bands appeared, indicating the complete photocatalytic degradation of MG during that reaction. Figure 8b shows the MG photodegradation over pure CdS, BiOI, and CdS/BiOI heterostructures. It can be seen that the single CdS and pure BiOI exhibit weak degrade efficiency of 31.5% and 25.3% after 100 min of visible-light illumination and all of the CdS/BiOI heterostructures exhibited superior photocatalytic activity. With increasing CdS content, the photocatalytic activity enhanced gradually and then decreased. As the content of CdS was 3%, the highest photocatalytic activity could be achieved. These results suggest that 3% CdS is the optimal sample among the CdS/BiOI nanocomposites, which can be mainly ascribed to the heterojunction structure between CdS and BiOI. With increasing CdS content, more CdS/BiOI heterojunctions interface will be formed, which suppresses the recombination of photoinduced electron-hole pairs. However, the excessive CdS content will lead to the decrease of heterojunction interface and function as recombination centers of electronhole pairs. Consequently, suitable content of CdS could improve the photocatalytic activity. Figure 8c reveals that the photocatalytic degradation of MG on different catalysts fits pseudo-first-order kine-tics, ln(C 0 /C t ) = k app t, where t is the irradiation time and k app is the rate constant. Moreover, the k app for MG degradation with CdS, BiOI, 1%-CdS/BiOI, 3%-CdS/BiOI and 5%-CdS/BiOI were estimated to be 0.004, 0.002, 0.011, 0.024, and 0.010 min −1 , respectively. It is worth mentioning that the MG degradation rate constant of the CdS/BiOI nanocomposites is much higher than that of CdS and BiOI. Remarkably, the rate constant of the 3%-CdS/BiOI nanocomposite is 12 times as high as that of pure BiOI under the same experimental conditions, which indicates that the coupling of CdS could enhance the photocatalytic capability of BiOI under the visible-light irradiation.
3.9. Photoluminescence analysis PL spectra are usually used to estimate the separation efficiency of photoinduced charge carriers for semiconductors. A higher intensity of PL indicates a faster recombination of charge carriers. Figure 9 shows the PL spectra of the as-prepared samples at an excitation wavelength of 300 nm. Pure CdS, BiOI, and CdS/BiOI nanocomposites exhibit the similar peak shape and peak position, but the intensities of peaks are different with each other. In contrast, the emission intensity from CdS/BiOI nanocomposites is clearly reduced, which suggests that the recombination of photogenerated electrons and holes is effectively inhibited. The intensity of the 3%-CdS/BiOI nanocomposites photocatalyst was the lowest than other photocatalysts, which indicated that the 3%-CdS/BiOI nanocomposites had a lowest recombination rate of photogenerated charge carriers. Therefore, the heterostructured CdS/BiOI nanocomposites are highly favorable for the efficient separation of the photo-induced charge carriers during the photocatalytic reactions. 
Photocatalytic mechanism
The reusability and durability are important parameters to explore real applications of catalysts. As a result, 3%-CdS/BiOI nanocomposites were specifically chosen for successive catalytic estimations in Fig. 10 . There is no obvious decrease of photocatalytic efficiency over MG for five cycling runs under visible light, possibly linking to the well-maintained chemical composition and phase structures. In the photodegradation process of organic pollutants, reactive species as superoxide radical (·O − 2 ), hole (h + ) and hydroxyl radical (·OH) acted as a bridge, playing the role of photocatalysts under the light irradiation, therefore, it is necessary to determine the main reactive species for the degradation of MG in this study. Some sacrificial agents, such as iso-propyl alcohol (IPA), disodium ethylenediaminetetraacetate (EDTA) and 1,4-benzoquinone (BQ) were used as the scavengers of ·OH, h + and ·O − 2 , respectively. Figure 11 shows that the photodegradation efficiency of MG over 3%-CdS/BiOI is not affected by the addition of IPA, indicating that almost no superoxide radicals (·OH) were involved in the degradation of MG. When EDTA was added, the photodegradation efficiency of MG obviously decreased, which revealed the existence of h + radical species. Besides, the photocatalytic activity was thoroughly suppressed by addition of BQ, suggesting that the ·O − 2 pathways play a crucial role in the process of MG degradation. These results indicated that the h + and ·O − 2 were the main active species in the MG photodegradation process.
The E g values of pure BiOI and CdS were estimated to be 1.8 eV and 2.42 eV in the optical property section.
The valence band (VB) edge potential of a semiconductor can be predicted by the following empirical equation [33] [34] [35] :
where X is the absolute electronegativity of the semiconductor, E e is the energy of free electrons on the hydrogen scale (4.5 eV), E g is the band gap of the semiconductor. The E V B value could be deduced from the equation [36] :
It could be seen that the calculated positions of CB and VB edge potentials of BiOI were determined to be 0.6 eV and 2.4 eV, respectively. For CdS, the CB and VB potentials of CdS were determined to be -0.5 eV and 1.92 eV, respectively. Based on the above analysis, the possible mechanism for the photocatalytic activity enhancement of 3%-CdS/BiOI nanocomposite is proposed in Fig. 12 . Under visible-light irradiation, CdS and BiOI would be excited simultaneously and generate electron-hole pairs. On the one hand, the CB electrons (CdS) easily flow into the CB edge of BiOI through the interface because the CB edge of CdS is higher than that of BiOI. On the other hand, because the VB edge level of BiOI is lower than that of CdS, holes in the VB edge of BiOI will transfer to that of CdS by the control of the interface. In such way, photoinduced electron-hole pairs could be separated efficiently at the interface of two semiconductors. Consequently, the photogenerated electrons could easily transfer from the reformed CB of CdS to that of BiOI, and then react with O 2 to generate reactive ·O − 2 radicals. Meanwhile the holes can also move in the opposite direction from the VB of BiOI to that of CdS. Therefore the h + and ·O − 2 radicals were beneficial for the MG degradation. As a result, efficient separation of photogenerated electronhole pairs is achieved by the distribution of electrons and holes on different semiconductors and thus enhanced the corresponding photocatalytic performance.
In addition, the XRD patterns of the sample before and after the reaction (Fig. 13) showed that the crystal structure had little change and no additional band appeared during the photodegradation process. These suggest that the nanocomposite was not photocorroded and presented relatively high stability.
Conclusion
CdS/BiOI heterojunctions have been successfully prepared by a facile method. The CdS nanoparticles were uniformly distributed on the surface of BiOI microspheres. The nanocomposites exhibited good visible-light absorption. The PL results revealed that the recombination of photogenerated electrons and holes was inhibited. The highest activity was obtained by 3%-CdS/BiOI heterojunctions. The enhanced photocatalytic performance was ascribed to the improved photogenerated carrier separation efficiency caused by the coupling effects of the two semiconductors. The as-prepared CdS/BiOI heterostructure photocatalysts might have potential in environmental remediation applications.
